Immunotherapy may provide an alternative treatment for cancer patients, especially when tumors overexpress antigens that can be recognized by immune cells. The identification of markers and therapeutic targets that are up-regulated in prostate cancer has been important to design new potential treatments for prostate cancer. Among them, the recently identified six-transmembrane epithelial antigen of the prostate (STEAP) is considered attractive due to its overexpression in human prostate cancer tissues. Our study constitutes the first assessment of the in vivo effectiveness of STEAP-based vaccination in prophylactic and therapeutic mouse models. Two delivery systems, cDNA delivered by gene gun and Venezuelan equine encephalitis virus-like replicon particles (VRP), both encoding mouse STEAP (mSTEAP) and three vaccination strategies were used. Our results show that mSTEAP-based vaccination was able to induce a specific CD8 T-cell response against a newly defined mSTEAP epitope that prolonged the overall survival rate in tumor-challenged mice very significantly. This was achieved without any development of autoimmunity. Surprisingly, CD4 T cells that produced IFN;, tumor necrosis factor-A (TNF-A), and interleukin-2 (IL-2) played the main role in tumor rejection in our model as shown by using CD4-and CD8-deficient mice. In addition, the presence of high IL-12 levels in the tumor environment was associated with a favorable antitumor response. Finally, the therapeutic effect of STEAP vaccination was also assessed and induced a modest but significant delay in growth of established, 31 day old tumors. Taken together, our data suggest that vaccination against mSTEAP is a viable option to delay tumor growth. [Cancer Res 2007;67(3):1344-51] 
Introduction
Prostate cancer is the most commonly diagnosed malignancy in the western world and is the second leading cause of cancerrelated death in American males (1) . Patients who develop recurrent disease after surgical prostate excision or radiation therapy may be treated with androgen deprivation strategies, but the effectiveness of this treatment lasts <18 months on average, when most patients develop hormone-refractory prostate cancer (HRPC; ref.
2). The median survival in patients with HRPC is f12 months (3).
Chemotherapy is effective in the treatment of prostate cancer, although long-term chemotherapy is not feasible due to its intrinsic toxicity (4) . Currently, the therapeutic options are very limited for advanced cases, particularly in patients with metastatic tumors. Immunotherapy is a promising and specific prospective treatment for localized and metastatic disease.
The immunotherapeutic treatments to date have involved the use of antigen-presenting cells (APC) that are loaded with specific peptides or are modified by transduction or transfection. These cells are crucial for presenting antigen to CD8 T cells, which are critical to the host defense against malignancies (5) . Most immunotherapy strategies specifically target overexpressed prostate cancer-associated self-antigens, such as prostate-specific antigen (PSA; ref. 6 ), prostate stem cell antigen (7), prostate-specific membrane antigen (8) , and prostatic acid phosphatase (9) . The majority of current clinical trials have failed to induce effective tumor immune responses that can reduce patient tumor burden. Recently, six-transmembrane epithelial antigen of the prostate (STEAP) was identified in advanced human prostate cancer. Biochemical and secondary structure analyses suggested that this protein could function as a channel, receptor, or transporter protein; however, its function is currently unknown. Under physiologic conditions, low levels of STEAP have been detected in plasma membranes of normal prostate tissues but it is highly overexpressed in human prostate cancer tissue. STEAP has also been detected in several colon, bladder, ovarian, and pancreatic cancer cell lines, reinforcing the idea that this gene may be generally up-regulated in transformed cells (10) . We identified recently the murine counterpart of human STEAP (hSTEAP), expressed in a prostate tumor cell line (TRAMPC-2) derived from the prostate of mice of the transgenic adenocarcinoma mouse prostate (TRAMP) model. Analysis of the nucleotide and amino acid sequences of mouse STEAP (mSTEAP) showed 80% homology with hSTEAP and that it also contains six potential membrane-spanning regions. In TRAMP mice, mSTEAP is expressed at high levels in malignant prostate tissue (11) .
Central and peripheral tolerance inhibit the induction of immune responses to self-antigens, such as STEAP. Central tolerance leads to deletion of T cells that express high-avidity T-cell receptors (TCR) specific for self-antigens. Low numbers of these T cells in the periphery may be responsible for the ineffective antitumor T-cell responses observed in cancer patients. Recently, hSTEAP peptides were identified as excellent inducers of antigenspecific CTL that were able to recognize and kill STEAP-expressing tumor cells (12) and stimulate specific CD8 + T cells from HLA-A*0201 healthy donors (13) . These data suggest that STEAP is a potential candidate antigen for prostate cancer immunotherapy.
Successful immunotherapy strategies must be based on systems that enhance expression or cross-presentation of self-peptides to naive T cells in secondary lymphoid tissues. One of the most successful treatments is a heterologous prime-boost vaccination regime, involving sequential vaccination using different antigen delivery systems encoding the same antigen. DNA prime/virus boost regimes are the most commonly used to increase immunogenicity (14) . A viral vector system, in which vaccine-related genes are expressed by an attenuated strain of the Venezuelan equine encephalitis (VEE) virus, can elicit potent cellular immune responses and protective immunity against implanted tumors (15) . This system has many advantages, including high level of expression of heterologous genes and vector amplification through doublestranded RNA intermediates, which avoids integration of genetic material into the host DNA. In addition, it stimulates innate immunity, through activation of the IFNg cascade, thereby inducing apoptosis of infected cells, which may increase its immunogenicity via antigen cross-priming (16) . Therefore, this vector can effectively deliver antigen to APC, such as dendritic cells (17) . VEE virus-like replicon particles (VRP) can break immune tolerance in rats vaccinated against the neu molecule and can induce efficient immune responses to tumors (18) . Given that VRP induce potent and protective immune responses in primates (19) , they may be the ideal tool for vaccine delivery in humans.
In the current study, we used both prophylactic vaccination and therapeutic vaccination in prostate tumor-bearing mice to evaluate the effectiveness of STEAP delivery through DNA vectors and VRP. Our results show, for the first time in an in vivo system, that STEAP-based vaccination increases the overall survival rate of prostate tumor-bearing mice.
Materials and Methods
Plasmid DNA constructs and peptide synthesis. A DNA sequence encoding mouse STEAP was obtained from pCR-mSTEAP (11) . For the generation of STEAP-expressing plasmid (pcDNA3-mSTEAP), mSTEAP DNA was amplified using two specific primers that included a HindIII and a XhoI site: 5 ¶-CCCAAGCTTATGGAGATCAGTGACGAT-3 ¶ and 5 ¶-GGCGACTCCTC-AACCTGGAGGCCATCT-3 ¶. Amplification was done for 30 s at 94jC, 30 s at 56jC, and 30 s at 72jC. An additional extension step was done for 10 min at 72jC. The PCR product was then cloned into the pcDNA3 expression vector (Invitrogen, Carlsbad, CA). The accuracy and correct open reading frame of the pcDNA3-mSTEAP construct were confirmed by DNA sequencing. pcDNA3-STEAP or an empty vector (pcDNA3) was transformed into TOP10 competent Escherichia coli (Stratagene, La Jolla, CA). Then, plasmid DNA copies were amplified in liquid culture and purified using an EndoFree plasmid maxi kit (Qiagen Sciences, MD). DNA used for vaccination had an A 260 :A 280 ratio of 1.9.
Replicon construction and VRP production. The mSTEAP gene was amplified by using specific primers: 5 ¶-TGGAGATCAGTGACGAT-3 ¶ and 5 ¶-TTAATTAAGGCGAGCTCCTACAACC-3. A Pac-1 site was added to the antisense primer. Amplification was done for 30 s at 94jC, 30 s at 58jC, and 30 s at 72jC. An additional extension step was done for 10 min at 72jC. The PCR product was digested with the appropriate 3 ¶ enzyme and ligated into the AlphaVax replicon vector plasmid (Research Triangle Park, NC), phosphorylated extracellular signal-regulated kinase, which is a derivative of pVR21 (20) , digested with EcoRV and the matching 3 ¶ enzyme. The presence of mSTEAP in the replicon plasmid was assessed by DNA sequencing.
Mice and cell lines. Pathogen-free, C57BL/6 and MLR/lpr mice were obtained from Taconic Farms (Germantown, NY). CD8 and CD4 knockout (KO) mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and RAG KO mice were kindly donated by Chaim Jacob [University of Southern California (USC), Los Angeles, CA]. Mice were housed in the animal facilities of USC and they had food and water ad libitum. Research was conducted in compliance with institutional animal use guidelines. TRAMPC-2 prostate tumor cells were cultured in Iscove's modified Dulbecco's medium (IMDM) supplemented with 5% heat-inactivated FCS (JRH Biosciences, Lenexa, KS), 5% NuSerum (Collaborative Biomedical Products, Bedford, MA), 2 mmol/L L-glutamine, 100 Ag/mL kanamycin, 0.01 nmol/L dihydrotestosterone (Sigma Chemical Co. St. Louis, MO), and 5 Ag/mL insulin (Sigma Chemical). EL-4 cells obtained from the American Type Culture Collection (ATCC, Manassas, VA) were maintained in RPMI 1640 supplemented with 10% heat-inactivated FCS, 2 mmol/L L-glutamine, 100 Ag/mL kanamycin, 50 mmol/L 2-mercaptoethanol, 1 mmol/L MEM sodium pyruvate, 0.1 mmol/L MEM nonessential amino acids, and 0.024 mmol/L sodium bicarbonate (Life Technologies, Gaithersburg, MD). RMA-S cells deficient in transporter associated with antigen processing and obtained from the ATCC were maintained in IMDM medium supplemented with 10% heat-inactivated FCS, 2 mmol/L L-glutamine, 100 Ag/mL kanamycin, and 50 mmol/L 2-mercaptoethanol.
Peptides. Peptides were synthesized using standard methods at the Norris Cancer Center core facility at the University of Southern California. Peptides were dissolved at 29 mg/mL in DMSO (Sigma Chemical), aliquoted in a small volume, and stored at À70jC until further use.
Peptide binding assay. A MHC class I stabilization assay was done. RMA-S cells were incubated at 30jC overnight. Peptide at various concentrations was added for 1 h at 30jC and cells were incubated overnight at 37jC. Cells were stained on ice with FITC-antimouse H-2D b or H-2K b (BD PharMingen, San Diego, CA) for 30 min at 4jC. As a control, RMA-S cells were incubated with E7 [49] [50] [51] [52] [53] [54] [55] [56] [57] (21) VRP preparation. The procedures used for making VRP were based on a two helper system as described previously (20) . Purified VRP were resuspended in an isotonic phosphate-buffered solution with 1% mouse serum ( formulation buffer) and stored at À80jC until use.
DNA-gold preparation. DNA-coated gold particles were prepared by resuspending 25 mg of 1.0-Am gold microcarrier (Bio-Rad, Hercules, CA) in 100 AL of 0.05 mol/L spermidine (Sigma Chemical) and sonicating. Plasmid DNA (50 Ag) was added to the microcarrier and this mixture was precipitated by addition of 1.0 mol/L CaCl 2 (100 AL) for 10 min. The precipitate was washed thrice with brand new absolute ethanol and it was resuspended in 3 mL polyvinylpyrrolidone (0.1 mg/mL; Bio-Rad) dissolved in absolute ethanol. The DNA-coated gold was loaded into the tubing and allowed to settle for 3 min. The ethanol was gently drawn out and the tubing was dried by nitrogen gas flowing at a rate of 0.3 L/min. Tubing was cut into 0.5-inch pieces placed in cartridges and stored at 4jC until use.
Enzyme-linked immunospot assay. Enzyme-linked immunospot assays were done as described previously (23), except that splenocytes were stimulated with mSTEAP 326-335 or human papillomavirus-16 (HPV-16) E7 [49] [50] [51] [52] [53] [54] [55] [56] [57] peptide in the presence of 20 IU (infectious units)/mL interleukin (IL)-2 and spots were developed with 3-amino-9-ethyl-carbazole substrate (Sigma Chemical).
Cytotoxicity assay. A standard 51 Cr release assay was carried out as described previously (24), except that EL-4 cells were cultured overnight with either no peptide, mSTEAP 326-335 , or an irrelevant peptide (HPV-16 E7 [49] [50] [51] [52] [53] [54] [55] [56] [57] ), each at 10 Ag/mL.
Immunization and tumor challenge. Male C57BL/6 mice were anesthetized i.p. with 2.4 mg ketamine (Phoenix Pharmaceuticals, Inc., St. Joseph, MO) and 480 Ag xylazine (Phoenix Pharmaceuticals). DNA-coated gold particles were delivered to a shaved area on the abdomen using a helium-driven gene gun (Bio-Rad) with a discharge pressure of 400 p.s. TRAMPC-2 cells resuspended in HBSS. At day 31, mice that had developed a palpable tumor received 2 Ag mSTEAP DNA vaccine. Fifteen days later, they were boosted s.c. with 10 6 IU mSTEAP-VRP. VRP were injected as described above. Control groups of mice were immunized and boosted with pcDNA3 and GFP-VRP, respectively, or received no treatment. In all cases, tumor growth was monitored twice weekly with engineer calipers after challenge with TRAMPC-2 cells. Survival was followed until tumors reached volumes >1,000 mm 3 . Isolation of tumor-infiltrating lymphocytes and flow cytometry analysis. Tumor-infiltrating lymphocytes (TIL) were isolated from individual prostate tumors as described previously (25) . TIL were analyzed by flow cytometry for CD3 and either CD4 or CD8 expression. 10 6 TIL were incubated in staining medium containing FcBlock receptor 2.4G2 for 10 min on ice followed by the addition of fluorochrome-conjugated antibodies (FITC-anti-CD3, PCy7-CD25, and PCy5-CD8/CD4; BD PharMingen) for 20 min at 4jC. Analysis was done on a Beckman Coulter FC 500 cytometer equipped with CXP software. The number of total cells per gram of tumor was calculated by multiplying the percentage of CD3 + CD4 + or CD3 + CD8 + cells by the total number of lymphocytes and dividing that number by 100. These numbers were divided by the mass of tumor to calculate the number of those TIL per gram of tumor. Measurement of intratumoral cytokine expression. Tumors were collected, weighed, and homogenized in PBS containing 2Â Halt Protease Inhibitor Cocktail (Pierce, Rockford, IL). One percent of bovine serum albumin (BSA; Sigma Chemical) was added and the supernatants were collected by centrifugation at 4jC for 20 min. The cytokine levels in the supernatants were quantified using the Bio-Plex mouse cytokine assay (Bio-Rad) and a Bio-Plex HTF system equipped with Bio-Plex Manager 4.0 software following the manufacturer's instructions.
Detection of rheumatoid factor and autoantibodies against ssDNA. Detection of autoantibodies to ssDNA was done as described previously (26) . Nunc-Immuno Maxisorb plates (Nalgene International Research, Rochester, NY) were used. Salmon sperm DNA and BSA were obtained from Sigma. Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG was obtained from Southern Biotechnology Associates, Inc. (Birmingham AL). The absorbance of the colorimetric reaction was measured at a wavelength of 450 nm using an automated microplate reader (Bio-Rad). For the detection of rheumatoid factor, 2 Ag/mL mouse IgG1n (Sigma Chemical) was used for coating plates and HRP-conjugated goat antimouse IgM diluted at 1:2,000 was used as the detecting antibody (Southern Biotechnology Associates).
Histology and immunofluorescent staining. Kidney, prostate, and testis from immunized mice were fixed in 10% buffered formalin and embedded in paraffin. Five-micrometer sections were stained with H&E. For immunofluorescence, 5-Am cryosections were blocked with 0.5% rat serum (Vector Laboratories, Burlingame, CA) in PBS for 20 min. Endogenous biotin activity was blocked with a commercial Biotin-Avidin kit (Vector Laboratories). Sections were incubated during 1 h with biotin-conjugated rat anti-mouse primary antibodies that were visualized with streptavidin-conjugated to Alexa 488 or Alexa 594 (Molecular Probes, Carlsbad, CA). Tissue-specific autoantibodies directed against self-antigens expressed in kidney, prostate, testis, and thymus from RAG mice were detected by immunofluorescence as described previously (27) . Accumulation of IgM and collagen deposition in kidneys was analyzed by immunohistochemistry as described previously (28) , except that endogenous peroxidase was blocked with 6% H 2 O 2 in methanol for 30 min. Each tissue was incubated for 1 h at room temperature with biotinylated antimouse IgM (BD PharMingen) or polyclonal rabbit anti-mouse collagen type IV (Abcam, Cambridge, MA). Rabbit polyclonal antibodies were detected with a biotinylated goat anti-rabbit antibody, streptavidin-coupled HRP, and 3,3 ¶-diaminobenzidine (Sigma) as the chromogen. Tissue sections were counterstained with Gill's hematoxylin (Surgipath, Richmond, IL) and mounted with Vectamount resin (Vector Laboratories).
STEAP expression in the tissues of C57BL/6 mice was detected by immunofluorescence. Five-micrometer frozen sections were blocked with protein block serum-free (DAKO Corp., Carpinteria, CA) for 10 min at room temperature. Endogenous biotin activity was blocked as described above. Tissue sections were incubated for 1 h with a rabbit polyclonal antimouse STEAP, previously produced in our laboratory in rabbits immunized with a synthetic peptide (WKMKPKGNLEDDSYS). Bound antibodies were detected with biotinylated antirabbit (Vector Laboratories) and streptavidin conjugated to Alexa 488. Tissue sections were mounted with mounting medium for fluorescence with 4 ¶,6-diamidino-2-phenylindole (Vector Laboratories).
Statistical analysis. Tumor growth, CTL responses, and absolute number of T cells were analyzed by a two-tailed paired Student's t test. ELISPOT data were analyzed by one-tailed Student's t test.
Results mSTEAP expression in C57BL/6 mouse tissues. It has been shown previously by reverse transcription-PCR (RT-PCR) that mSTEAP is expressed in some normal mouse tissues (11) . We have developed a STEAP-specific antibody, allowing us to analyze mSTEAP production in several tissues by immunofluorescence (Supplementary Data). mSTEAP was detected in prostate epithelial cells using this method, confirming our previous RT-PCR data. mSTEAP protein was absent in other tissues, including brain, muscle, heart, liver, salivary gland, and stomach. No positive staining was detected when an isotype control antibody was used, confirming the specificity of the anti-mSTEAP antibody. mSTEAP was expressed by splenic macrophages, as shown by the isolation of adherent cells, CD11b detection, and cloning and sequencing of this self-antigen (data not shown). In addition, mSTEAP was found in the thymic medulla, where STEAP-specific thymocytes may undergo the process of negative selection.
Prophylactic vaccination with mSTEAP delays tumor growth and improves survival. The efficacy of antigen-specific vaccination was evaluated by monitoring survival of immunized mice after challenge with tumor cells. Survival was significantly prolonged in mice vaccinated with mSTEAP using DNA, VRP, or a combined strategy after tumor challenge compared with control mice (Fig. 1A) . Although all STEAP-based vaccination strategies significantly slowed tumor growth in tumor-challenged mice, DNA vaccination followed by boosting with VRP was the most effective way of inducing protective immunity (Fig. 1B) . Based on these data, we selected the prime/boost (DNA/VRP) schedule for subsequent experiments. The protection induced by the vaccination correlated with an increase in the number of tumor-infiltrating CD4 and CD8 T cells as detected by flow cytometry (Fig. 1C) .
STEAP vaccination induces antigen-specific CD8 T cells. The killing of transformed cells by antigen-specific CD8 T cells plays a central role in control of tumor growth. We evaluated whether STEAP-specific CD8 T cells capable of producing IFNg were generated in response to vaccination. This cytokine is crucial for type 1 immune responses and is required for the activation of cytolytic functions in the CD8 population. Given that TRAMPC-2 cells express low levels of MHC class I, they were not able to activate purified T cells after IFNg treatment in vitro (data not shown). To circumvent this, we identified mSTEAP peptides that could potentially bind to MHC class I molecules H-2D b or H-2K b . We selected four peptides based on the highest score of peptide/ MHC class I half-life of dissociation predicted using the Parker automated program (29) and evaluated their capacity to stabilize MHC class I on RMA-S cells. mSTEAP 326-335 had a stronger affinity than mSTEAP [186] [187] [188] [189] [190] [191] [192] [193] [194] , STEAP 83-91 , and STEAP 5-13 , (Table 1) . mSTEAP 326-335 , mSTEAP [186] [187] [188] [189] [190] [191] [192] [193] [194] , and STEAP 5-13 were selected for analyzing the specific CD8 T-cell response by ELISPOT assay (Fig. 2A) . STEAP 83-91 was not included in subsequent assays due to its low fluorescence index. Splenocytes from mSTEAP-vaccinated mice stimulated with mSTEAP peptides contained significant numbers of IFNg-producing mSTEAP 326-335 -specific CD8 T cells. Peptide-specific IFNg-producing CD8 T cells were completely absent in mice vaccinated with an empty plasmid and GFP-VRP (P < 0.05, two tailed). The increased numbers of IFNg + CD8 T cells found in vaccinated mice correlated with increased CTL activity as detected by chromium release assay using mSTEAP [326] [327] [328] [329] [330] [331] [332] [333] [334] [335] (Fig. 2B) .
Participation of CD4 and CD8 T cells. To determine the role of antigen-specific CD8 and CD4 T cells induced by vaccination, we followed tumor growth after challenging vaccinated C57BL/6 and CD4-or CD8-deficient mice with tumor cells. Mice were vaccinated with mSTEAP-(11)DNA, boosted with mSTEAP-VRP and challenged with TRAMPC-2 cells. Compared with tumor growth in C57BL/6 mice, tumor growth in vaccinated CD8KO mice was significantly delayed (P = 0.001, two tailed), whereas tumor growth was significantly accelerated in vaccinated CD4KO mice (P = 0.004, two tailed; Fig. 3A ). These findings indicate that CD4 T cells participate in the control of tumor growth. There was no local production of protective cytokines [IL-2, IL-12p70, IFNg, and tumor necrosis factor-a (TNF-a)] in mice lacking CD4 T cells (Fig. 3B) . These protective cytokines were readily detectable in C57BL/6 and CD8KO mice and were produced at similar levels, with the exception that IL-2 was elevated in CD8KO mice (Fig. 3B) .
Therapeutic vaccination with mSTEAP modestly controls the growth of well-established tumors. To assess the therapeutic efficacy of mSTEAP vaccination, tumor-bearing mice were immunized at day 31 with mSTEAP cDNA followed by a s.c. injection of mSTEAP-VRP at day 46. STEAP vaccination induced a short but statistically significant delay in tumor growth (P = 0.022, two tailed) compared with a group of unvaccinated mice and a group of mice vaccinated with empty vector and GFP-VRP (Fig. 4) .
Autoimmune reactions after vaccination with self-antigens. Given that mSTEAP is a self-antigen, mSTEAP-based vaccination has the potential risk of breaking immune tolerance and thus inducing an autoimmune process. Therefore, we analyzed production of two kinds of autoantibodies (rheumatoid factor and antissDNA antibodies) in the serum of vaccinated mice and the presence of inflammatory cells in mSTEAP-expressing tissues. As a positive control for autoimmunity, we used serum and tissues from aged MRL/lpr mice. Although mSTEAP vaccination induced a low but detectable quantity of anti-ssDNA autoantibodies and low levels of rheumatoid factor, at day 84 after vaccination, the levels were minor compared with control aged MRL/lpr mice (Fig. 5A) . Under physiologic conditions, autoantibodies are detectable without development of pathologic autoimmunity. The accumulation of IgM (possibly rheumatoid factor), the presence of inflammatory infiltrates, and collagen deposition were also analyzed in several tissues where STEAP is normally expressed at low levels, including kidney, testis, and prostate. Control MRL/lpr mice had accumulation of IgM and cell infiltrates in the kidney and had considerable kidney damage indicated by zones showing massive collagen deposition (Fig. 5B) . In contrast, vaccinated mice did not have any signs of an active autoimmune pathology. No damage, infiltration, or autoimmunity was detected in testis or prostate after vaccination (data not shown). To determine whether the mSTEAP DNA/VRP vaccination regimen induced production of autoantibodies against self-antigens via bystander activation, we tested for the presence of autoantibodies that recognize selfantigens in the serum of vaccinated mice. Briefly, kidneys, prostate, or testes from RAG KO mice, which do not produce endogenous antibodies, were incubated with serum from vaccinated mice, and autoantibodies to self-antigens were detected with a FITCconjugated antimouse IgG. No serum autoantibodies against selfantigens expressed in kidney, prostate, and testis were detected in control or vaccinated mice. In contrast, serum obtained from MRL/ lpr mice contained a significant level of autoantibodies, which bound to different cells and structures in tissues of RAG mice (Fig. 5C) . 
Discussion
In the current study, we have assessed efficacy of several primeboost immunotherapy strategies directed against STEAP in a mouse model of prostate cancer. STEAP is a member of the metalloreductase family (30) that lacks the NH 2 -terminal oxidoreductase domain and currently has no defined enzymatic function. Human STEAP is expressed in the prostate (10) and has been implicated in prostate cancer metastasis. Previously, we detected STEAP mRNA in different tissues from normal mice (11) . Here, we show that mSTEAP is a membrane protein produced in kidney, spleen, thymus, testis, and prostate. Detection of mSTEAP mRNA in macrophages indicates that it is endogenously expressed by these APC rather than being picked up by them elsewhere for presentation to T cells. Therefore, mSTEAP may have an important role during macrophage activation or maturation. Thymic STEAP expression suggests selection of the mature TCR repertoire via interaction between STEAP peptide and MHC complex molecules during thymic differentiation. However, self-reactive CD8 T cells able to recognize STEAP-expressing tumor cells were detected in the peripheral T-cell pool, indicating that negative selection is not completely effective (12) . In general, these autoreactive CD8 T cells are controlled in the periphery by several regulatory mechanisms, including deletion, anergy, phenotypic skewing, and regulatory T-cell activity (31) .
The antigen delivery systems most commonly used to induce protective immunity against infectious agents and transformed cells are based on administration of plasmids by gene gun or inoculation of viral vectors containing the gene of interest. However, prime-boost schemes, where DNA and viruses are inoculated in succession, often induce the best immunity (15, 32) . We used VEE VRP in our vaccination schemes in combination with DNA vaccination. Consistent with previous reports, we found the best tumor immunity and protection in the group of mice vaccinated with DNA and VRP.
Due to the relevance of IFNg in cellular immunity, we evaluated the production of this cytokine by STEAP-specific splenic CD8 T cells after vaccination. CD8 T cells from vaccinated mice were able to produce IFNg after activation with the specific peptide mSTEAP [326] [327] [328] [329] [330] [331] [332] [333] [334] [335] . It is unknown whether there are other populations of CD8 T cells that can recognize other peptides (12) , contribute to the lysis of transformed cells, and aid the generation of an adequate type 1 T-cell environment, events that are crucial for the control of tumor growth. Furthermore, CD4 T cells activated by class II-restricted peptides presented on the surface of APC (33) may produce IFNg and contribute to tumor killing. Nevertheless, IFNg production was correlated with the in vitro cytolytic activity of CD8 T cells toward target cells loaded with the specific peptide mSTEAP 326-335 , indicating that STEAP-specific CTL are being induced in our model.
Protection was associated with considerable T-cell infiltration of the tumors of vaccinated mice. The majority of TIL were CD4 T cells, as determined by flow cytometry and immunofluorescence. The attraction of Th1 and Tc1 to a common place in the tumor is critical to induce the activation of CD8 CTL that mediate tumor cell killing (34) . To determine the contribution of CD4 and CD8 T cells to the clearance of prostate transplantable tumors in vaccinated mice, we monitored tumor growth in vaccinated CD4KO and CD8KO mice deficient in CD4 or CD8 T cells. We hypothesized that the CD8 T-cell population was most important to tumor rejection. Furthermore, we predicted that the response would be more efficient in CD4KO mice due to the absence of natural regulatory T cells (35) . Surprisingly, CD8KO mice were more efficient than CD4KO mice in controlling tumor growth. Taken together, our data suggest that CD4 Th1 cells play an active role in the control of transformed cells and that minimal negative modulation of the immune response by regulatory CD4 T cells occurs in our model (36) . It has been shown by several groups that proinflammatory cytokines have a central role in the generation of protective tumor immunity. For example, IL-12 secreted by activated dendritic cells is important for local Th1 and Tc1 differentiation. In addition, IL-12 acts in combination with IL-2 to play a role in initiating the development of effector functions of CD8 T cells and generation of memory CD8 T cells (37) . IL-12 is also important for promoting IFNg production by TIL. IFNg is fundamental to the control of tumor growth by promoting the generation of strong cellular immune responses against transformed cells and by inhibiting tumor angiogenesis (38) . A combination of TNF-a derived from CD4 T cells and IFNg is required for the activation of macrophages and neutrophils. These cells produce molecules that are toxic to malignant cells, such as nitric oxide, superoxide, and hydrogen peroxide. IFNg is also responsible for the induction of chemokines, such as CXCL9, CXCL10, and CXCL11, which attract Th1 and Tc1 cells to the tumor (39) . The dominance of proinflammatory cytokines, such as IL-12, IL-2, TNF-a, and IFNg, in the tumors of C57BL/6 and CD8KO mice suggests that control of tumor growth is taking place. In our model, the increased production of IL-12 in CD8KO and C57BL/6 mice is associated with the presence of tumor-infiltrating mature dendritic cells. Maturation of dendritic cells may be a direct consequence of the considerable production of TNF-a in the tumor microenvironment. Tumor-produced IL-12 is likely responsible for the increased local production of IFNg. Due to the detection of these cytokines in CD8KO mice and their complete absence in CD4KO mice, we propose that IFNg, IL-2, and TNF-a are derived mainly from CD4 T cells. Given that CD4 T helper cells are required for licensing dendritic cells (40) , the lack of intratumoral IL-12 in CD4KO mice indicates that IL-12 is likely to be produced by mature dendritic cells at the site of tumor growth. Other strategies to induce tumor immunity have also failed to mediate complete tumor rejection and have only delayed tumor growth (41, 42) . Recently, it was shown that orthotopically implanted TRAMPC-1P3 tumors developed an immunosuppressive microenvironment where dendritic cells failed to express costimulatory molecules and class II antigens, interfering with adequate T-cell activation (43) . Given that TRAMPC-1 and TRAMPC-2 cell lines were derived from the prostate tumor of a male TRAMP mouse (44) and that the tumor growth kinetics follow the same pattern, it is possible that mSTEAP treatment at day 31 was too late to modify the tumor microenvironment, resulting in unsuccessful treatment. Recently, it was shown that peritumoral injection at day 17, 20, and 23 of an adenoviral vector-expressing murine CD40L in preestablished TRAMPC-2 tumors only delayed tumor growth in five of six mice and complete tumor inhibition was detected only in one mouse (45) . In other tumor models where mice were treated at 3, 4, or 7 days after tumor injection, a higher therapeutic success rate was achieved (42, 46) . These findings support the idea that early treatment of TRAMPC-2 tumors could improve the efficacy of mSTEAP treatment.
We chose to inoculate mice with 10 6 IU VRP-STEAP based on our previous findings (47) and those of others (18) . However, in other prime-boost schemes, 10 7 plaque-forming units induced protection against VEE virus and HPV-16 tumors, respectively (48) . Therefore, we speculate that higher or multiple doses of VRP-STEAP may induce better tumor immunity in future studies.
Due to the self-nature of STEAP, the presence of CpG in the DNA, and the use of a viral vector capable of activating autoreactive lymphocytes, vaccinated mice were monitored for indicators of active autoimmunity. Although low levels of autoantibodies were detected, they were significantly lower than those detected in MLR/lpr mice (49) . IgM accumulation and collagen deposition in kidneys were detected only in MLR/lpr mice as described previously (50) . Furthermore, lymphocyte infiltration was not detected in STEAP-expressing healthy tissues, suggesting STEAP vaccination under these experimental conditions is safe. However, development of autoimmunity may still occur if another vaccination scheme that is able to eradicate tumors is used. A, autoantibody production in serum samples from male C57BL/6 mice immunized with mSTEAP. Anti-ssDNA antibodies and rheumatoid factor were measured in serum from mSTEAPvaccinated and control group by ELISA and titers were compared with a serum sample from MLR/lpr mice (positive control of active autoimmunity). Data of one of two similar independent experiments. Columns, mean of eight mice; bars, SE. B, absence of inflammation and cell infiltrates in kidney from mSTEAP-vaccinated C57BL/6 mice. A complete absence of inflammatory cells (a and c ) was observed in a kidney section taken at day 50 after vaccination (mSTEAP-DNA and mSTEAP-VRP) and stained with H&E. Control mice did not show any significant cell infiltration (e and g) compared with the massive inflammatory infiltration seen in MLR/lpr mice (i and k ). Inflammatory infiltrates were primarily composed of macrophages, T cells, and dendritic cells (k ). Immunohistochemistry analysis showed IgM deposition on glomerular basement membrane in MLR/lpr (j), which also had a considerable collagen deposition (m ). No positive stain was detected in kidney from mSTEAP-vaccinated (b and d) or control mice (g and h). Representative images of similar lesions found in an experimental group of eight mice. Images were captured at Â20 magnification. C, mSTEAP vaccination does not induce autoantibodies against self-antigens in tissues where STEAP is expressed. Frozen sections of kidney, testis, and prostate from RAG mice were incubated with serum from mSTEAP-vaccinated or control group and bound antibodies were detected with a FITC-antimouse IgG antibody. Neither mSTEAP-vaccinated mice (a -c ) nor the control group (d-f ) showed any positive reaction against self-antigen present on those tissues. In contrast, tissues from MLR/lpr mice show a strong positive reaction against self-components of STEAP-expressing organs (g-i ).
We conclude that STEAP-DNA vaccination combined with STEAP-VRP boosting can induce a STEAP-specific immune response that is able to delay tumor growth without promoting pathologic autoimmunity. Combination of this basic vaccination scheme with additional immunomodulation may be capable of completely eradicating prostate tumors, allowing the translation of this immunotherapy into the clinical arena.
